Background: Intra-arterial injection of medications may cause acute and severe ischemia and result in morbidity and mortality. There is no information in the literature evaluating the arterial endothelial effects of sugammadex and dexmedetomidine. The hypothesis of our study is that sugammadex and dexmedetomidine will cause histological changes in arterial endothelial structure when administered intra-arterially. Methods: Rabbits were randomly divided into 4 groups. Group Control (n = 7); no intervention performed. Group Catheter (n = 7); a cannula inserted in the central artery of the ear, no medication was administered. Group Sugammadex (n = 7); rabbits were given 4 mg/kg sugammadex into the central artery of the ear, and Group Dexmedetomidine (n = 7); rabbits were given 1 g/kg dexmedetomidine into the central artery of the ear. After 72 h, the ears were amputated and histologically investigated. Results: There was no significant difference found between the control and catheter groups in histological scores. The endothelial damage, elastic membrane and elastic fiber damage, smooth muscle hypertrophy and connective tissue increase scores in the dexmedetomidine and sugammadex groups were significantly higher than both the control and the catheter groups (p < 0.05). There was no significant difference found between the dexmedetomidine and sugammadex groups in histological scores. Conclusion: Administration of sugammadex and dexmedetomidine to rabbits by intra-arterial routes caused histological arterial damage. To understand the histological changes caused by sugammadex and dexmedetomidine more clearly, more experimental research is needed. 
Introduction
Intra-arterial injection of medications may cause acute and severe ischemia and result in morbidity and mortality. The intra-arterial injection and cannulation incidence varies from 1/3440 to 1/56,000. Medications for sedation or general anesthesia, mainly, are mistakenly administered intra-arterially.
1,2 Intra-arterial injection of medications may cause acute and severe ischemia. It is difficult to fully determine the correct incidence of rare situations such as this. 1---3 After the intravenous forms of medications are given through intra-arterial routes, local ischemia and later tissue necrosis may develop in the artery. The physiopathological mechanisms of intra-arterial medication injection and development of ischemia are not clear. Among mechanisms blamed are formation of crystals of medication in small arteries, secondary hemolysis and platelet aggregation after intimal damage, and stasis, thrombosis and direct cytotoxicity in the artery. The tissue damage is essentially determined by the chemical structure and amount of the medication. 1---3 The pathogenesis of formation of necrosis after intraarterial injection of medication is not clear. 1, 4 The rabbit ear model is a frequently used method to research the pathological process of intra-arterial injections. No matter how visibly different rabbit and human ears are, they are helpful to observe the tissue response to intra-arterial medications. 4 Sugammadex is a medication newly entering anesthesia practice. It is a cyclodextrine-structured medication that selectively binds to aminosteroid-structure non-depolarizing muscle relaxants like rocuronium, ending their effects. It shows high selectivity especially for rocuronium and vecuronium. It may enter physicochemical reactions with different medications. 5 There is no information in the literature evaluating the arterial endothelial effects of sugammadex and dexmedetomidine, two medications newly entering anesthetic practice. Only a single case report was found about dexmedetomidine mistakenly administered intra-arterially. 6 The hypothesis of our study is that sugammadex and dexmedetomidine will cause histological changes in arterial structure when administered intra-arterially. To test this hypothesis in this planned study we used rabbit ear arteries to intra-arterially inject 4 mg/kg sugammadex and 1 g/kg dexmedetomidine aiming to research the histological effects.
Method
The study was completed in Dokuz Eylül Universtiy Medical Faculty experimental animal laboratory after receiving permission from Dokuz Eylül University Medical Faculty Animal Experiments Ethics Committee (Meeting date: 08.01.2014 ---Decision number: 115/2013). The research used 28 adult male New Zealand white rabbits weighing from 2.5 to 3 kg. The subjects obtained from DEUMF Experimental Animals Laboratory were fed with standard rabbit feed and water. The rabbits were housed in temperature-controlled (22---24 • C) illuminated rooms (12:12 h light/dark) before the study. During the experiment international guidelines were maintained for care of laboratory animals. Using sterile techniques the rabbits in the experimental group were given 50 mg/kg ketamine intraperitoneally. As the animals may have different responses to the anesthetic medications, depth of anesthesia was determined by monitoring palpebra or cornea reflexes.
Our study used the rabbit ear model described by Kinmonth and Sheppard. 7 Rabbits with sufficient anesthesia had intra-arterial intervention with a 24 G cannula.
Rabbits were randomly divided into 4 groups: Group Control (n = 7): rabbits in this group had no intervention performed.
Group Catheter (n = 7): rabbits had a cannula inserted in the central artery of the ear, however no medication was administered.
Group Sugammadex (n = 7): rabbits were given 4 mg/kg (100 mg/mL) sugammadex into the central artery of the ear, given as bolus within 10 s for a total volume of 2 mL.
Group Dexmedetomidine (n = 7): rabbits were given 1 g/kg (100 g/mL) dexmedetomidine into the central artery of the ear with loading dose administered with an infusion pump over 10 min for a total volume of 2 mL.
After 72 h, the rabbits in all groups were given 50 mg/kg ketamine intraperitoneally and after anesthesia was provided, the ears were amputated and histologically investigated.
For macroscopic investigation sections especially to evaluate arterial cross-section, samples were fixed in 10% buffered formaldehyde and then submerged in paraffin. Then the prepared paraffin blocks were serially cut to 4 m thickness using a rotary microtome (Leica RM 2135, Leica Instruments, Nussloch, Germany). These sections were stained with hematoxylin---eosin and Masson's trichrome.
Evaluation of histomorphology of arterial tissue
To investigate the images obtained from the sections, an image analysis method using a computer video camera were used (UTHSC Image software). All sections were analyzed, only sections with clear artifacts linked to staining were excluded from the evaluation. After staining was completed the sections were investigated under a light microscope (Olympus BX-51, Tokyo, Japan) and images were evaluated after uploading to a computer with a high resolution camera (Olympus DP-71, Japan). All sections were digitally photographed.
Under the light microscope arterial tissue sections of the subject group were evaluated for arterial endothelial regularity and integrity, and regularity of the internal elastic membrane and underlying smooth muscle and elastic fibers. The groups were scored semi quantitatively for endothelial damage, elastic membrane and elastic fiber damage, smooth muscle hypertrophy, and increase in connective tissue. The scoring was 0 = none, 1 = very slight damage, 2 = slight damage, 3 = moderate damage, and 4 = severe damage. 8 
Statistical analysis
Statistical analysis was performed by using the Statistical Package for the Social Sciences (SPSS) version 16.0 for Windows (SPSS Inc., Chicago, IL, USA). The Kolmogorov---Smirnov test was used to examine compatibility between measured variables and normal distribution. Mann---Whitney U test was used for statistical analysis. Descriptive statistics included arithmetic median (minimum---maximum). A p-value < 0.05 was considered significant.
Results
The ear artery cross-sections of a total of 28 New Zealand type white rabbits were evaluated.
After rabbits were given the study medications intraarterially until the end of the 72 h evaluation period, macroscopic ischemia and necrosis findings were not observed in the ears of any rabbit given sugammadex and dexmedetomidine.
All rabbit's ears arterial tissues had investigated histologically.
It was observed that the arterial tissue of the control group had normal histological structure. The arterial endothelium was regular and there was no disruption of the endothelial continuity observed. The internal elastic membrane was regular and there was no irregularity observed in the organization of the underlying smooth muscle and elastic fibers (Figs. 1---3).
The catheter group samples had similar characteristics to the control group (Figs. 1---3).
When the dexmedetomidine group was evaluated, compared to the control group there were clear areas of tissue damage observed in some subjects. Endothelial irregularity, disruption of the endothelial integrity and in place endothelial hypertrophy was observed. There was irregularity in the internal elastic membrane, and disorganization of the regularity of underlying smooth muscle and elastic fibers. In the tunica media there was smooth muscle hypertrophy identified. When this group is compared to the control group, there was an increase in connective tissue found (Figs. 1---3).
When the samples from the sugammadex group are evaluated and compared with the control group, irregularity in the endothelium and disruption of the integrity of the endothelium were observed. The sugammadex groups were observed to have better preservation of the arterial tissue compared to the dexmedetomidine group. Endothelial hypertrophy was not observed. The irregularity of the internal elastic membrane and disorganization of underlying smooth muscle and elastic fibers and increase in connective tissue were observed to be less compared with the dexmedetomidine group (Figs. 1---3) .
When the results of the histological evaluation of the groups is investigated, there was no significant difference found between the control and catheter groups in terms of scores for endothelial damage, damage to elastic membrane and elastic fibers, smooth muscle hypertrophy and connective tissue increase (p > 0.05).
The endothelial damage, elastic membrane and elastic fiber damage, smooth muscle hypertrophy and connective tissue increase scores in the dexmedetomidine and sugammadex groups were significantly higher than both the control group (p < 0.05) and the catheter group (p < 0.05).
There was no significant difference found between the dexmedetomidine and sugammadex groups in terms of scores for endothelial damage, elastic membrane and elastic fiber damage, smooth muscle hypertrophy and connective tissue increase (p > 0.05). The results of the histological evaluation of the groups can be seen in Table 1 .
Discussion
This study aimed to research the histological effects of 4 mg/kg sugammadex and 1 g/kg dexmedetomidine administered intra-arterially using rabbit ear arteries. After the administration of dexmedetomidine and sugammadex it was observed that scores for histological; endothelial damage, elastic membrane and elastic fiber damage, smooth muscle hypertrophy and increase in connective tissue were significantly higher compared with control and catheter groups. Additionally in no rabbit was tissue ischemia and tissue necrosis observed after intra-arterial administration of dexmedetomidine and sugammadex. As a result of mistaken administration of medications intra-arterially, serious complications such as endothelial destruction, tissue necrosis, thrombosis and loss of extremities may occur.
1,2,9,10 The majority of cases of medication mistakenly administered intra-arterially involve agents used for anesthesia and sedation.
1,2 Various studies have reported the incidence of iatrogenic intra-arterial cannula insertion and intra-arterial medication administration as having rates between 1/56,000 and 1/3440. 2, 10 Studies by D'Eramo et al. 11 reported this rate as 2/57,575. However it is difficult to determine the correct incidence of situations that are rare, like this one. 1, 10 When confronted with this unwanted situation though it is reported that early intervention is of great importance, there are no well-described treatment methods for patients. 12, 13 Following intra-arterial injection, discomfort, local irritation and intense pain distal from the injection site are observed as the first symptoms frequently within seconds. Pain may be described as similar to an electric shock or a burning sensation in the fingertips. A short time later, the patient may describe sensory problems like tingling, burning and numbness. Changes in motor functions like involuntary Ghouri et al. 10 reported the signs that may cause intraarterial cannulization to be considered as bright red blood coming from the cannula, pulsatile movement of the cannula, blood flows back into the serum set even though the junction of fluid and cannula is higher, cannulas in high risk areas where arteries and veins are close such as the antecubital region, and pressure increase in arterial catheter previously inserted in the same extremity. However in our case of intra-arterial pheniramine injection, diagnosis was only possible after blood gas analysis, and if intra-arterial administration is suspected confirmation tests of blood gas analysis or intra vein pressure measurements should be performed. 1 The most important stage of treatment for intra-arterial injection is to provide anticoagulation with heparin and local thrombolytics as quickly as possible to patients without contraindications. 15 An important part of treatment is formed by preventing vasospasm in the artery. Intraarterial administration of local anesthetics like procaine and lidocaine and vasodilatators like papaverine are aimed at preventing vasospasm. 1, 2, 10, 15 Peripheral nerve block administration is an interventional treatment method for intra-arterial injections aiming to reduce or prevent reflex vasospasm and lengthened vasoconstriction by providing sympathetic blockage. This intervention may reduce pain, provide perfusion and reduce vasospasm and efficiently achieves therapeutic aims. Continuous administration with the aid of a catheter increases the benefits of the technique. However peripheral nerve blocks may not be the first choice of intervention for some patients due to the associated risks. 1, 2, 10, 15 As case-controlled human studies of intra-arterial medication injections cannot be performed, there are very few publications about treatment presenting experimental studies and treatment algorithms. 16---18 Using the rabbit ear model is a good alternative to research the pathological process of intra-arterial injection. Knill and Evans 4 researched the intra-arterial effects of thiopental, chlorpromazine and amphetamine using the rabbit ear model and found that medication doses causing gangrene in humans had the same effect on rabbit ears. As a result we chose to use the rabbit ear model in this study.
Though the clinical tableau of intra-arterial injections is well described, the underlying physiopathological mechanisms are not clear. Studies have mentioned mechanisms such as norepinephrine-moderated vasoconstriction, creation of platelet aggregation and intra-arterial thrombus linked to medication or cannula, endothelial inflammation, direct cytotoxic effects, liphophilic characteristics of the medication and osmolarity characteristics of the medication.
1,2,10,15 The common result of these studies is that all medications do not cause ischemia by the same pathway, that the last common point in the pathogenesis of all intra-arterial injections independent of the variety of mechanisms is thrombosis and as it is not suitable for broad prospective human studies, clear understanding of the pathogenesis is necessary for development of correct treatment models. 1, 2, 10, 15 In the literature there are many cases reported of serious complications observed after intra-arterial medication injection. It is reported that as a result of iatrogenic administration of local anesthetic agent through intra-arterial routes, rhabdomyolysis occurred. 19 In the benzodiazepin group, after diazempam and temazepam, fasciotomy and amputation were performed due to the occurrence of phlebitis, vascular disorders, and arterial and venous thrombosis. 20---23 After phenytoin was given by arterial route ischemia, necrosis and death was reported, 24 while after promazine, promethazine and chlorpromazine from the phenothiazine group necrosis and extremity loss have been reported. 25, 26 After thiopenthal, a barbiturate, endoarteritis, vasoconstriction, thrombosis and tissue necrosis occurred.
27---30 Similar results were encountered as a result of antibiotics given by arterial route. There are cases of necrosis and tissue loss found with penicilin, floxacillin and clindamycin, frequently used in daily practice. 31---33 Clear ischemic appearance and gangrene have been reported after intra-arterial administration of atracurium and tubocurarine, used in anesthesia as neuromuscular blockers. 34, 35 In addition to these catastrophic results, more moderate progression after intra-arterial administrations is found. Different results are reported for different paracetemol preparations. A 7 year old case undergoing craniotomy for medulloblastoma was given 350 mg paracetemol into the radial artery by mistake during the postoperative period. The case was monitored but asymptomatic and on the 7th day postoperative doppler ultrasonography revealed radial artery pulsation was normal. However a 42 year old case undergoing laparoscopic cholecystectomy was mistakenly given 900 mg benzyl alcohol-based paracetemol intra-arterially at the end of surgery for postoperative analgesia. When the patient complained in the recovery unit of pain in the right hand, this pain was thought to be possibly due to mistaken injection in the cannula inserted in the right radial artery. Forty minutes later as a result of noticing blue color changes in 2 fingers responding to radial artery distribution, treatment was begun; however in spite of this the affected fingers had to be amputated. As a result the authors stated that medications prepared with preservatives like water-insoluble benzyl alcohol may lead to endothelial edema and capillary endothelial dysfunction causing vasospasm. 36 Intra-arterial complications of water-insoluble medications like propofol, etomidate and diazepam, 24,35---37 and high alkali medications like thiopental and phenytoin 24, 27 have been known for years. Contrary to this there are no unwanted effects of intra-arterial injection of medications like atropine, succinylcholine, pancuronium, midazolam and fentanyl. 24 The side effects of medication like adenosine, neostigmine---atropine combination and neostigmine---glycopyrrolate have not been reported. 38, 39 It is known that more complications are caused by membranesoluble medications. 4 Babacan et al. 30 in a study researching the histopathological criteria of intra-arterial effects of thiopental and propofol in rabbits found that intra-arterial administration of 2.5% thiopental may be responsible for gangrenous changes and though this effect was not found with 1% propofol, they concluded it could cause clear edema.
Though there is much literature information on the intra-arterial effects of many agents used in anesthesia, the studies on sugammadex and dexmedetomidine which have newly entered clinical application are very limited.
Sugammadex is a modified gamma cyclodextrin molecule which has newly entered trade use. The unique molecular structure of sugammadex encapsulates rocuronium, a neuromuscular blocker, removing it from the muscle---nerve junction and it is used to selectively and rapidly reverse neuromuscular blockage. Cyclodextrins are empty cut-off cone-shaped or ring-shaped ''donut-like'' molecules with hydrophobic cavity and hydrophilic outer structure containing sugar rings (d-glucopyranose units) in a 3-dimensional structure, frequently used in food and pharmaceutical industries to transform lipophobic agents into lipophilic types. The negatively charged hydroxyl groups make the molecule soluble in water. The carbon atoms together with the contained alpha 1---4 links provide the lipophilic cavity. Thus the water-soluble molecule surrounds a lipophilic core. This structure is of a suitable size to encapsulate lipophilic medications and increase water solubility. Non-covalent thermodynamic interactions can form inclusion complexes. The cavity size is larger than alpha and beta gamma cyclodextrin and is 0.8 mm. Thermodynamic, Van der Waals, hydrophobic interactions, hydrogen and charge transfer interactions contribute to the formation of inclusion complexes (host---guest complexes). The inclusion complex is an encapsulated lipophilic molecule. The sugammadex vial contains injection water prepared with hydrochloric acid and sodium hydroxide to adjust pH. 5, 40 In our literature analysis we did not encounter any clinical or experimental data related to the intra-arterial effects of sugammadex. In our study, after 4 mg/kg intra-arterial sugammadex administration, histological endothelial damage, elastic membrane and elastic fiber damage, smooth muscle hypertrophy were observed. In addition, connective tissue scores were significantly higher compared to the control and catheter groups.
A selective ␣-2 adrenoreceptor agonist, dexmedetomidine has gained a place in anesthesia practice due to its sedative and analgesic effects. Though dexmedetomidine has sedative, analgesic, and anxiolytic effects, it does not cause respiratory depression. When given as continuous IV infusion it provides predictable stable hemodynamics. Dexmedetomidine is widely used across a variable spectrum from neuroanesthesia, the intensive care patient population, gastrointestinal endoscopy, and conscious fiberoptic intubation. 41, 42 We found one case study of intra-arterial administration of dexmedetomidine in the literature. This case study emphasized that after dexmedetomidine was mistakenly administered to the radial artery no ischemic complications were encountered. 6 In our study though tissue ischemia and tissue necrosis were not observed after intra-arterial administration of 1 g/kg dexmedetomidine as infusion over 10 min using rabbit ear arteries, histological evaluation observed endothelial damage, elastic membrane and elastic fiber damage, smooth muscle hypertrophy and connective tissue increase scores were significantly higher than in the control and catheter groups.
The most important limitation of our study is that we only used a single dose of sugammadex and dexmedetomidine. Our study was only able to obtain ethics committee permission for single doses (4 mg/kg sugammadex and 1 g/kg dexmedetomidine). To research whether sugammadex and dexmedetomidine cause vein damage related to dose, advanced studies with different doses are required.
In conclusion, administration of sugammadex and dexmedetomidine, newly entered anesthesia practice and with increasing popularity, to rabbits by intra-arterial routes caused histological arterial damage. To understand the histological changes caused by sugammadex and dexmedetomidine more clearly, more experimental research is needed.
